We propose a method to monochromatize multiple orders of high harmonics by using a proper designed multilayer mirror. Multilayer mirrors designed by our concept realize the perfect extraction of a single-order harmonic from multiple-order harmonic beam, and exhibit broadband tunability and high reflectivity in the soft-x-ray region. Furthermore, the proposed monochromatization method can preserve the femtosecond to attosecond pulse duration for the reflected beam. This device is very useful for ultrafast soft x-ray experiments that require high-order harmonic beams, such as femtosecond/attosecond, time-resolved, pump-probe spectroscopy.
High-order harmonic generation (HHG) can produce coherent soft-x-ray bursts that last only a few hundred attoseconds. To date, the pulse duration of an isolated attosecond pulse reaches sub-100 as region [1] , and its pulse energy reaches as high as microjoule level [2] . By the way, tunable coherent soft-x-ray pulses are required for applications such as an ultrafast pump-probe spectroscopy (see review ref. [3] ). Although HHG can produce femtosecond/attosecond, coherent beams in the soft-x-ray region, time-resolved pump-probe experiments are best performed with tunable monochromatized radiation. Thus, monochromatization with tunability is a key subject for time-resolved pump-probe experiments that use high-order harmonic (HH) beams. However, monochromatization should be achieved in a manner that preserves an ultrashort pulse duration of an HH beam.
One proposition to extract a single-order HH beam and preserve its pulse duration is the time-delay compensated monochromator (TDCM) [4] [5] [6] [7] [8] [9] , which comprises a pair of gratings that compensate for the pulse front tilt. However, one drawback of the TDCM is a low throughput, which results from the low diffraction efficiency of the gratings. Moreover, TDCM requires not only a complex optical configuration but also temporal characterization [6] of the extracted HH beam to confirm the compensation of the pulse front tilt. Furthermore, it is extremely difficult to completely compensate for the stretched pulse by employing the second grating [8, 9] . Another monochromatization method uses a timecompensated monochromator with a multilayered mirror (MLM) [10] . However, a traditionally designed MLM exhibits a long reflective tail that depends on the incident angle, and has a second-order reflectivity in the higher photon energy region. Thus, it is quite difficult to extract a single-order HH beam in a wide tuning range.
In this paper, we propose a properly designed MLM monochromator to efficiently extract a single-order HH beam. By considering a fabrication procedure for MLMs, we have established a design rule for monochromatizing * ejtak@riken.jp multiple orders of HH beams using MLMs. Not only is the proposed monochromatization method easy to perfoerm, but it also perfectly isolates a single-order HH beam in the 25 -130 eV region. Moreover, this monochromatization method preserves the femtosecond to attosecond temporal duration in the extracted HH beam because of the low dispersion value of our designed MLM. This device can provide wide photon energy tunability on the femtosecond/attosecond, time-resolved, pump-probe experiment using HH beams. In addition, our method is useful for applications using HH beam, such as a seeded FEL [11, 12] , and imaging experiments [13, 14] .
First, we examine the designing step of an MLM for extracting a single-order HH beam. Fabrication of a highreflectivity EUV MLM requires (i) a large reflective index difference between low-Z material and high-Z material, (ii) a small periodic length fluctuation, and (iii) a smooth interface. Periodic length of multilayer and peak wavelength are related to Bragg's Law: nd = mλ/(2 sin θ). Here the peak wavelength is shown as a function of m, θ, and d: λ(m, θ, d) = 2d sin θ/m, where n is an actual reflective index, d is a periodic length of multilayer, θ is a grazing incident angle, and m is an order of Bragg's reflection. The real reflectivity (R) of an MLM is related to interface roughness as a Debye-Waller Factor; exp −2(2πσ cos θ/λ) 2 , where σ is the root mean square interface roughness. It is also known that a narrowbandwidth EUV mirror is fabricated using a small γ (ratio of high-Z material thickness to d) multilayer [15] . Thus, to design the multilayer for monochromatization of an HH beam, it is most important to select a suitable low-Z material, as the optical constants of a low-Z material largely contributes to optical characteristics, particularly variation in reflective profiles at each incident angle. As a first step in the multilayer design of our monochromator, a low-Z material must be selected, which has a considerably smaller optical constant variation and absorption coefficient at the target energy range. In the second step, periodic length d is determined such that λ(2, 90, d) = nd is smaller than the absorption edge of the low-Z material. Thus, reflectivity from the first order diffraction of the multilayer becomes considerably Photon energy (eV)
Grazing incidence angle (deg.) much higher than that from the higher-order diffraction. From these steps, the energy range for the MLM is determined. In the third step, a suitable high-Z material is selected based on both its reflectivity and multilayer fabrication properties, as periodic fluctuations and interface roughness strongly influence the quality of an MLM. As a final step, γ and a layer number (N ) are optimized to suit the bandwidths and photon energy intervals for the specific HHG spectrum.
Commonly, almost all the HHG experiments are demonstrated using a multicycle Ti: sapphire laser at 800 nm (∼ 1.55 eV), and consequently, HHG produces a discrete spectrum with photon energy intervals of ∼ 3.1 eV. As a general case, we designed MLMs for extracting a single-order HH driven by a 1.55 eV pump. Table  1 shows the design parameters of three MLMs for our monochromator. To effectively isolate a single-order HH with specific photon energy in a reflected beam, one must optimize the multilayer parameters, as mentioned above. Here we explain the practical SiC/Mg multilayer designing procedure in detail. Note that Zr/Al and Mo/Y are also designed according to the same policy. In the low photon energy region, Mg, Al, and Si become candidates as low-Z materials. Due to its low absorption coefficient, small variation in refractive index [16] , and attenuation of a higher-order reflection, we chose Mg as the low-Z material. Next, we examined a suitable high-Z material for layering with Mg. Due to their reflectivity properties, SiC, B 4 C, Mo, and Pt are potential candidates as high-Z materials. Since Pt and Mo, like Mg, are metals, the interface roughness of a multilayer will be increased because of instability of the layer. Although the B 4 C has a slightly higher reflectivity as compared to SiC, we selected SiC as the high-Z material because of previous manufacturing results [17, 18] . Finally, N and γ were decided to be 60 and 0.1, respectively, to isolate a singleorder HH beam driven by the 1.55 eV pump. Similarly, Zr/Al and Mo/Y (see Table 1 ) were designed for photon energies of 40 -70 eV and 70 -130 eV, respectively. Note that these material combinations are also motivated by considering multilayer fabrication.
The bottom panel in Fig. 1 shows the reflectivity of SiC/Mg MLM as a function of incident angle θ. Here, σ was fixed to 0. The reflectivity curve for the s-polarized light shows a single peak with a Gaussian-like profile (see also Fig. 3) , and its profile is almost maintained within the tuning range. Although a small portion of the reflectivity, due to m = 2, appears at higher than the ∼ 50 eV region, the peak reflectivity at 27 eV is almost 10 times higher than that of m = 2 due to the absorption effect of Mg. As is shown, the reflected photon energy gradually changes, depending on the incident angle, while keeping a single peak profile. This corresponds to the spectral selection of the single HH beam by changing the incident angle (θ). Moreover, the average reflectivity stays 50 % in the tunable range. The middle and top panels in Fig. 1 show the reflectivity of Zr/Al and Mo/Y. Zr/Al and Mo/Y can operate within the photon energy range of 40 eV -70 eV with an average reflectivity of 40 %, and within the range of 70 eV -130 eV with an average reflectivity of 30 %, respectively. Unfortunately, Mo/Y has a relatively high second-order reflectivity because Y does not exhibit an absorption edge at 130 eV. When HHG of the 1.55-eV pump is demonstrated using rare gas targets, except He, the second-order reflectivity of Mo/Y does not cause a major problem because the cutoff energy is lower than 130 eV [1, 19] . Note that a broadband reflectivity gradually appears at an incident angle below ∼ 30
• because a total reflection occurs at the top layer. Thus, the lowest incident angle of our MLM is dependent on a total reflection. Figure 2 shows the energy resolution of an MLM, which is defined by E/∆E, where ∆E is a bandwidth (FWHM) of the reflective photon energy at each incident angle. In the tuning range, ∆E of SiC/Mg, Zr/Al and Mo/Y change from 1.3 eV to 2.2 eV, 1.8 eV to 2.8 eV, and 1.5 eV to 2.3 eV, respectively. Thus, E/∆E shows a relatively flat profile in the tunable range. As is discussed below, the energy resolution relates to the acceptable pulse duration for the reflected beam. Next, to evaluate the efficiency of the single HH beam isolation, we calculated an extinction ratio, defined by (R(E +3.1eV)+R(E −3.1eV))/2R max (E); R(E ±3.1eV), which corresponds to the reflectivity of both sides of harmonic order. This index is the averaged value at both sides because a reflective profile is not perfectly symmetric as a function of the photon energy (see Fig. 3 ). As is shown in Fig. 2 , an extinction ratio almost maintains ∼ 10 −2 order in the tunable range. This value is sufficient for isolating a single-order HH beam; however, we can improve the extinction ratio by two orders of magnitude by employing a pair of MLMs. • and its spectral phase. Red profile: design parameters shown in Table. 1. Blue profile: Mg thickness is 20.40 nm, but other parameters are the same as those in Table. 1
To discuss the acceptable pulse duration for the reflected beam, we evaluated the dispersion of the multilayer coating. Though our designed MLM has enough bandwidth for reflecting sub-femtosecond pulses, a small amount of dispersion strongly influences the pulse duration if its temporal duration is on the order of attoseconds. The calculated reflectivity of the SiC/Mg MLM at θ = 70
• is shown by the solid red line in Fig. 3 , and its calculated spectral phase is given by the dashed line in the same figure. As is shown, the reflectivity of SiC/Mg has a Gaussian-like profile with an exponential tail. Since the propagation length of light inside the layer depends on the incident angle, the optical dispersion of our MLMs also changes, depending on the incident angle. The optical dispersion gradually decreases with the incident angle. ∆E becomes ∼ 1.5 eV at θ = 70
• , which can support a τ 0 =1.22 fs transform-limited (TL) pulse duration, according to τ 0 (as) = 1835/∆E with a Gaussian profile. When we consider the dispersion from the multilayer coating, the duration of the reflected pulses is 1.25 fs. Thus, we can safely conclude that our MLM almost preserves the TL pulse duration on the reflected beam. In addition, we can support attosecond pulse duration by optimizing the multilayer design. The solid blue and dashed blue profiles correspond to the reflectivity and the spectral phase of another SiC/Mg multilayer at θ = 70
• , which was designed for covering an attosecond duration. Here, we changed the Mg thickness from 21.60 nm to 20.40 nm, while other parameters fixed. ∆E increases to 2.0 eV, which supports a 910 as TL pulse duration. Although dispersion occurs, the duration of the reflected pulses is 935 as. Both of maximum reflectivity and bandwidth increases; however, the extinction ratio slightly decreases from 2.6 × 10 −2 to 4.6 × 10 −2 . Note that the energy resolution and the extinction ratio are in the relationship of trade off. The designed Zr/Al and Mo/Y layers also exhibit similar temporal characteristics for the reflected beam. These mirrors can support a femtosecond, as well as an attosecond pulse duration, depending on the designed energy resolution. In the inset of Fig. 4 , we show an example setup of a monochromator using two MLMs, which is similar to • -33
that of a monochromator for synchrotron orbit radiation [20] . Although the total throughput is decreased, it is possible to fix the beam propagation direction using the pair of MLMs. We show the typical reflective profiles of a pair of SiC/Mg MLMs at several incident angles. The amber-filled profile exhibits a high-order harmonic spectrum from Ar [21] , which is generated by a 30 fs Ti:sapphire laser. A pair of SiC/Mg MLMs attains ∼ 20 % reflectivity, which is equivalent to that of a six-optics setup of TDCM [22] . Here, the E/∆E slightly increases to ∼ 25, owing to the narrowing of the reflected beam, and the extinction ratio reaches ∼ 10 −4 . By simply rotating the MLMs, we can precisely choose and isolate a single-order HH as the reflected beam. Figure 5 shows reflective profiles of a pair of Zr/Al and Mo/Y MLMs. Here each reflective profile corresponds to the incident angle adjustment for isolating a single odd-order harmonic beam (see top axis). As is shown, Zr/Al and Mo/Y MLMs well work as monochromators for isolating a single-order HH beam. E/∆E is to be ∼ 25 in Zr/Al and ∼ 60 in Mo/Y. Note that one drawback of our monochromatization method is the lack of separation of the pump beam. For eliminating the pump beam, we will need to install beam splitters [23, 24] or a proper metal filter.
In conclusion, we propose a monochromatization method that uses a proper designed MLM to efficiently extract a single-order HH beam. Our method is easy to handle and exhibits broadband tunability in the soft x-ray region. By simply rotating the MLMs, we can continuously choose and precisely isolate a single-order HH as the reflected beam. In our monochromator, we can obtain wide tunability in the photon energy range of 27 to 130 eV using an MLM with spatially separated coatings of SiC/Mg, Zr/Al, and Mo/Y. Moreover, this monochromatization method preserves the femtosecond to attosecond temporal duration in the extracted HH beam. At present, a super continuum HH beam in the soft x-ray region is demonstrated for generating an isolated pulse with < 100 as [1] . By combining a super continuum HH beam and our monochromator, we can realize a tunable, coherent soft x-ray source with a sub-femtosecond pulse duration. Thus, our method will be very useful for ultrafast soft x-ray experiments such as femtosecond/attosecond, time-resolved, pump-probe spectroscopy.
